The purpose of this study was to determine if adhesion between various resin composites can occur by a chelation reaction of elemental ions. The surface composition of four commercially available resin composites (Beautifil II, Clearfil AP-X, Estelite Σ Quick and Solare) were measured by X-ray fluorescence analysis. Composite-to-composite adhesion with conventional silane coupling treatment was compared to self-etching primer treatment and evaluated by conventional shear bond strength testing. Our results detected Strontium and Barium (alkaline metallic earth ions) on the surface of Beautifil II and Clearfil AP-X resins. The shear bond strength values of self-etching primer treatments of Beautifil II and Clearfil AP-X was significantly higher than Estelite Σ Quick and Solare. Our data suggest that self-etching primer treatment is effective for adhesion of resin composites, depending on their filler composition, due to the chelation adhesion reaction between the acidic monomer and incorporated alkaline metal ions.
INTRODUCTION
With an improvement of mechanical properties and increased adhesion of resin composite material to tooth substrates, resin composite restorations have become the first choice for most carious lesions. Patients at times present with fracture, wear, and surface color change defects in their resin composite restorations following clinical placement -to maintain the concept of minimally invasive restoration, recent clinical guidelines suggest to consider the repair of composite restoration defects-rather than by more extensive complete removal and replacement 1) . To develop clinically acceptable properties of resin composites, it is extremely important to provide a proper bond between the filler and the resin matrix 2, 3) . Until now, silane-coupling treatment has been generally applied to enhance the bond between the filler particle and the resin matrix 3, 4) . Pre-coated fillers with silane coupling agents, using γ-MPTS as a representative monomer ( Fig. 1) have attained bonding success between filler particles and resin matrix with retention of the filler particle in the resin matrix during wear action on the surface of resin composite 4) . Currently, all dental resin composites are based on silica containing fillers with pre-coated silane coupling treatment. In addition, research has shown that composite-to-composite repair methods using a silane coupling treatment improves the bond strength between resin composites 5, 6) . Silane coupling agents act in response to a SiO2 filler, which is the main component of inorganic fillers of resin composites (Fig. 2) .
Different types of inorganic fillers with various elements are found in recent commercial resin composites, with each manufacturer developing and producing original fillers for their own resin composites. Filler compositions are modified with other ions to produce desirable properties for resin composites -for example, Barium (Ba), Zinc, Boron, Zirconium, Strontium (Sr) and Yttrium ions are used to characterize the radiopacity in the filler particles. Crystalline quartz fillers have been used in resin composites, which show stronger and harder properties, however, they are more difficult to finish and polish. Today, resin composites are now produced with Ba, Sr, and Zirconium silicate glasses as the most popular resin composites filler 3) . The Ba and Sr ion composed with glass filler of resin composites are an alkaline earth metal, which are a series of elements comprising Group II of the Periodic table. It is well known that these metallic elements have the potential to enter a chelation reaction in the presence of an acid.
Self-etching adhesive systems are widely used in clinic and self-etching primers of the self-etching adhesive systems that now include acidic monomers, e.g. phosphoric acid monomer, carboxylic acid monomer or phosphonic acid monomer as an adhesive monomer 3, 7) . If the surface of resin composite, which includes inorganic filler of Ba or Sr, are treated by self-etching primers in which a chemical chelate reaction will occur on the resin composite surface, then there is no need for the use of silane coupling pre-treatment for adhesion of the composite-to-composite.
The purpose of this study was to compare the shear bond strength of composite-to-composite bonding of resin composite materials with silane treatment or self-etching primer treatment, and to evaluate the effect of chemical chelating reaction with acidic adhesive monomer to the glass fillers including Ba or Sr ions.
MATERIALS AND METHODS

Materials
Four commercial resin composites; Beautifil II (Shofu, Kyoto, Japan), Clearfil AP-X (Kuraray Medical, Tokyo, Japan), Estelite Σ Quick (Tokuyama Dental, Tokyo, Japan), and Solare (GC, Tokyo, Japan) and a two-step self adhesive-FL-Bond II (Shofu) and Silane coupling agent-Porcelain Primer (Shofu) were observed in this study. Materials used in this study are listed in Table 1 .
X-ray Fluorescence Analysis of resin composites
Resin composite disks were prepared using a cylindrical metal mold (15 mm diameter, 1 mm thickness) and light cured on both sides with the photo-polymerization unit (Solidelite V, Shofu) for 3-minutes. The surface of the specimen was then polished with a 600-grit silicon carbide paper without water to remove the unpolymerized layer surface and to expose the filler particles. Each specimen was put on the stage of an X-ray fluorescence analyzer (ZSX100e, Rigaku, Tokyo, Japan) -fluorescence analysis was performed using the fundamental parameter method for each element investigated.
Shear bond strength test
Resin composite disks were prepared using a cylindrical plastic mold (10 mm diameter, 2 mm thickness) and light cured with Solidelite V photo-polymerization unit for 3-minutes on both side. During light curing, the top surface layer of specimen was covered with translucent plastic strip in order to prevent the formation of an oxygen-inhibited layer. The surface of each specimen was polished with a 600-grit to 1200-grit silicon carbide paper and diamond paste (6 µm to 0.25 µm) to expose the filler particles and create a smooth surface. Specimens were divided into three surface treatment groups with 7-specimens in each group. Group 1: Silane coupling treatment (Porcelain primer) and FL-Bond II Bond. Group 2: FL-Bond II Primer and FL-Bond II Bond. Group 3: FL-Bond II Bond (Control). The surface of each specimen was covered by adhesive tape with a 4 mm diameter hole to create the adhesive interface area. The surface of the specimen was treated by each condition following manufacturers instructions, with a plastic mold (diameter 4 mm, height 2 mm) then placed over the 4 mm hole. Resin composite (Beautifil II) was packed into the mold with a hand instrument, the surface covered with plastic strips, and light cured with a halogen light-curing unit (Optilux 501 ® , Kerr Co., Orange, CA, USA) for 20-seconds. The plastic mold was gently removed from the specimen and each specimen was then stored in distilled water at 37°C for 24-hours.
Each specimen was secured in the mounting jig of a universal testing machine device (M-451, Nikkei Densoku, Tokyo, Japan) in preparation for shear bond strengths testing. Shear force was applied at the adhesive interface using a circular blade that fit around the cylindrical resin composite specimen at a crosshead speed of 1.0 mm/min until failure occurred.
After the shear bond strength tests, the debonded specimen was observed under a stereomicroscope at a magnification of 8×. The failure mode of each specimen was classified as follows: cohesive failure within FL-Bond II Bond or each composite material, adhesive failure at the composite-bond (FL-Bond II Bond) interface, and mixed failure is combination of the two modes on the same surface.
Statistical analysis
The data were subjected to Two-way analysis of variance (ANOVA) followed by Tukey's HSD test at a significance level of 0.05.
RESULTS
Elemental composition of filler particles of resin composite
Elements detected by X-ray fluorescence analysis from the polished resin composites surface are shown in Table  2 . SiO2 and Na2O were detected on each resin composite tested. Beautifil II showed three main elements of SrO, Al2O3, and SiO2. The main components of Clearfil AP-X were BaO and SiO2. Estelite Σ Quick and Solare both showed more than 75% of SiO2, and Estelite Σ Quick also showed ZrO2. SrO and BaO were only detected in Same letters in the column shows statistical differences (p<0.05). Table 3 Mean shear bond strength of the four different resin composites (MPa)
Beautifil II Clearfil AP-X Estelite Σ Quick Solare
Cohesive 7 Beautifil II and Clearfil AP-X. Table 3 shows the mean and standard deviation of shear bond strength of four resin composites in each group. Share bond strength of Beautifil II and Clearfil AP-X between Group 1 and Group 2 demonstrated no statistically differences, while the Estelite Σ Quick and Solare of Group 2 showed statistically lower shear bond strengths than Group 1. Table 4 shows the fracture modes of each group. Most cohesive failure modes were observed in Group 1 of each resin composite, while all control group resin composites showed adhesive fracture mode after shear bond testing.
Shear bond strength test
Fracture mode
DISCUSSION
Silane coupling treatment has been commonly used to improve the adhesion of a broad range of resin adhesives to inorganic substrates such as ceramics, metals and glass. Several research studies have suggested that the use of silane coupling agents will promote adhesion between inorganic surfaces and polymeric molecules 3, [8] [9] [10] . Silane coupling treatments have also been shown to increase the bond strength when repairing a resin composite chip facture or ceramic restorations with resin composite 11, 12) . The target of silane coupling agent for repairing restoration is specifically focused towards the inorganic compositions such as filler of the resin composite system. On the other hand, it is also reported that another minimal approach to repair of resin composite restoration without silane coupling pretreatment has been suggested 13, 14) . From the results of the X-ray fluorescence analysis, the four resin composites showed a variety of elemental filler composition. SiO2 -the main glass filler component of composite-was detected in each resin composite. The amount of SiO2 in both Estelite Σ Quick and Solare were greater than 75%, whereas the SiO2 content of Beautifil II and Clearfil AP-X was 27.3w% and 56.5w% respectively.
Other inorganic filler elemental compositions were, SrO (29.3w%) detected from Beautifil II and BaO (33.7w%) was detected from Clearfil AP-X.
While there were no significant differences in shear bond strengths of all Group 1 specimens (silane coupling treatment), the bond strength of Beautifil II and Clearfil AP-X showed significantly higher bond strengths than Estelite Σ Quick and Solare in Group 2 (FL-Bond II Primer treatment). The bond strength of Beautifil II and Clearfil AP-X in Group 1 and Group 2 showed no significant differences.
FL-Bond II Primer treatment was effective for bonding composite-to-composite of Beautifil II and Clearfil AP-X, with the same as the silane coupling treatment before bonding. In this study, we prepared the smooth surface of resin composite specimens for exclusion of micro-mechanical interlocking of the bond between the composite-to-composite. Therefore, our data indicate that a chemical bond does occur between the resin composite (Beautifil II or Clearfil AP-X) and FL-Bond II Bond after FL-Bond II Primer treatment.
From the results of the detection of elemental compositions, Beautifil II showed SrO and Clearfil AP-X showed BaO. Sr and Ba are alkaline earth metal ions that belong to a series of elements comprising Group II in the Periodic table. It is known that these alkaline earth metals will present a chelation reaction in the presence of acids. Consequently, it is reasonable to assume that acidic monomer such as carboxylic acid monomer or phosphonic acid monomer (Fig. 3) included in the FL-Bond II Primer reacted to the Sr element or Ba element in the inorganic glass filler of Beautifil II or Clearfil AP-X and thus adhere by a chelation reaction between the composite to FL-Bond II Bond (Figs. 4, 5) .
Previously, it has been thought that only silanecoupling treatment were appropriate for repair of resin composites to enhance resin composite adhesion. However, our results suggest that the silane coupling treatment is not necessary for the adhesion of resin composites, depending on the composition of fillers, due to the chelating reaction between the acidic monomer and Sr and Ba alkaline earth metal ions.
CONCLUSION
Within the parameters of this study, it can be concluded that silane coupling treatment for adhesion of compositeto-composite adhesion is not necessary -depending on the specific type of resin composite.
